We demonstrate a high-speed inline holographic Stokesmeter that consists of two liquid crystal retarders and a spectrally selective holographic grating. Explicit choices of angles of orientation for the components in the inline architecture are identified to yield higher measurement accuracy than the classical architecture. We show polarimetric images of an artificial scene produced by such a Stokesmeter, demonstrating the ability to identify an object not recognized by intensity-only imaging systems.
Introduction
Polarization imaging takes advantage of polarization-sensitive reflection of light from different media. It has been used for a variety of applications, including vegetation mapping, pollution monitoring, geological surveys, medical diagnostics, computer vision, and scene discrimination [1] [2] [3] [4] [5] . An arbitrary polarization state of light can be represented by the Stokes vector, which is defined in terms of transverse components E x and E y of the electric field:
where the brackets imply averaging over an observation time of τ. Here I is the overall intensity, Q denotes the intensity difference between vertical and horizontal linear polarizations, U represents the intensity difference between linear polarizations at þ45°and −45°, and V is the intensity difference between left and right circular polarizations. Measurement of the polarization state of the scattered light is often accomplished with a Stokesmeter that typically consists of several passive polarizationsensitive optical components and an intensity detector. A Mueller matrix is used to describe mathematically how the optical components of the Stokesmeter change the polarization state of the transmitted light [6, 7] . The net Mueller matrix of the Stokesmeter is given by the ordered product of the Mueller matrices of the individual optical elements. The classical Stokesmeter consists of a quarterwave plate (QWP) and a linear polarizer (LP) [8] and requires the QWP to be inserted and removed between various readings. Consequently, the speed of the system is greatly limited. This problem can be circumvented by using a pair of liquid crystal retarders (LCRs) in series with a polarizer. Such an architecture, capable of high-speed inline Stokesmetry, has been investigated theoretically [9] as well as experimentally [10] [11] [12] . Here we describe and demonstrate a variation of this architecture in which the polarizer is replaced by a polarization-sensitive holographic grating. For a given wavelength of illumination, the holographic grating is essentially equivalent to the conventional polarizer. However, it has the added capability of spectral multiplexing. By tilting the angle of the grating, it is possible to select a narrow spectral band of the input light. Thus, in effect, this system can be used to combine spectrally multiplexed imaging with Stokesmetric imaging in high-speed inline architecture.
Previously, we demonstrated other types of holographic Stokesmeter [13] [14] [15] . However, the version demonstrated here is distinctly different from the previous versions. Specifically, there is no need to split the input beam into two parts in this architecture, thus making it much easier to perform Stokesmetric imaging. We demonstrate the ability of such a device to identify an object not recognizable through intensity-only imaging by analyzing the content of Stokesmetric images.
In Section 2 we briefly recall the operation of a classical Stokesmeter. In Section 3 we review the architecture of an inline Stokesmeter and identify parameters that optimize the accuracy. In Section 4 we describe a LCR-based Stokesmeter constructed with polarization-sensitive holographic gratings. In Section 5 we present the experimental results that verify the increased accuracy of the inline architecture for the condition identified in Section 3. In Section 6 we demonstrate polarimetric imaging of an artificial scene with the inline holographic Stokesmeter.
Classical Stokesmeter Architecture
The classical method to measure the Stokes parameters is illustrated in Fig. 1 . It consists of a removable QWP and a rotating LP. The first three measurements of the transmitted intensity, denoted as I 1 , I 2 , and I 3 , are carried out with the QWP removed, while the transmission axis of the LP is rotated clockwise (when looking in the direction of the beam propagation) to 0°, 90°, and 45°, respectively. I 4 denotes the measured intensity after inserting the QWP with the fast axis at 0°and the LP oriented at 45°. The system can be represented by
where 
Stokes vector ⇀ S is given by
3. Inline Stokesmeter Figure 2 shows the inline Stokesmeter akin to what was presented by Ambirajan and Look [16] . In this architecture, the QWP and the LP are rotated simultaneously for each measurement, which allows for higher operational speed than the classical Stokesmeter because no removal or insertion of the QWP is required. For an input light beam with Stokes vectors ⇀ S ¼ ½I; Q; U; V T transmitted through the QWP rotated at an angle β i followed by the LP rotated at an angle α i , the Stokes vector of output beam
where M ¼ M LP M QWP equals the product of the Mueller matrices of the QWP and the LP [17] . Using the well-known Mueller matrices for a QWP and a LP, the following relation is obtained:
The intensity observed by detector I 0 is given by To 
The determinant of measurement matrix jA IL j governs in part the accuracy of the measurement process. We have carried out a systematic tabulation of jA IL j as a function of angles α i and β i and determined that jA IL j max ¼ 0:184. Note that this value is larger than jAj ¼ 0:125 for the conventional Stokesmeter. We found that more than one possible combination yields this maximum value of jA IL j, as shown in Table 1 . Explicit choices of parameters in this form have not been reported previously, to the best of our knowledge.
The Stokesmeter described above can be realized with components that are rotated mechanically. Alternatively, it is possible to construct a system with two voltage-controlled LCRs along with a LP at a fixed orientation [15, 16, 18] . Free from any mechanical motion, this device can easily achieve the video-rate operation. Figure 3 shows the basic schematic diagram of such a Stokesmeter. The incident light propagates through LCR1 and LCR2 (fast axis rotated by 
where ϕ 1 and ϕ 2 denote the phase retardations produced by LCR1 and LCR2, respectively. In the first three measurements, ϕ 1 is set to 0, π 2 , and π consecutively, whereas ϕ 2 is kept at 0. In the fourth measurement, the voltage on LCR2 is adjusted so that
The determinant of the measurement matrix is jAj ¼ 0:125 for the particular implementation shown in Eq. (9) . We found that this is the highest determinant achievable with this architecture. With the LCR (from Meadowlark, Incorporated) used in our current setup, it takes approximately 20 ms to complete the full circle of four measurements, enabling it to be operated at a video-rate speed.
Inline, Spectrally Selective Holographic Stokesmeter
The architecture described in Fig. 3 makes use of a conventional polarizer. As an alternative, such a polarizer can be replaced by a holographic grating designed to work as a spectrally selective polarizer. This architecture is illustrated schematically in Fig. 4 . To replace the LP oriented at 45°in the Stokesmeter demonstrated in Fig. 3 , the hologram is written to have a polarization-selective diffraction efficiency η such that η ¼ η 0 cos 2 ðθ − π 4 Þ, where θ is the angle of the input polarization with respect to the vertical axis with η 0 close to unity. Such a grating can easily be written, as discussed in Ref. [13] . As shown in Ref. [15] , this grating is also spectrally selective. For a given angle of incidence, only light in a very narrow band (Δλ ≅ 1 nm for a grating thickness of 1 mm) undergoes diffraction. Within this band, this device is then equivalent to the Stokesmeter discussed in Section 3. Furthermore, by tilting its angular orientation, we can select a different band of light. Therefore, such a Stokesmeter is able to perform high-speed spectrally multiplexed inline Stokesmetric imaging.
Measuring the Stokes Vector
In Section 3 we identified optimum operating conditions for the inline Stokesmeter for both the mechanical and the LCR-based versions. To test the validity of these parameters, we carried out measurement of the Stokes parameters using an inline Stokesmeter and compared the results with those obtained using classical architecture. For both architectures, we studied three different polarization states of light: (a) linear −45°polarized light, (b) linear horizontally polarized light, and (c) right circularly polarized light. As shown in Fig. 5 , compared with the measurement made by the classical Stokesmeter, the Stokes parameters measured by the inline architecture are closer to the theoretical value for all three cases. We define the accuracy of the measurement as follows:
where S meas and S theo stand for measured and theoretical values of Stokes parameters (I, Q, U, and V). I theo stands for the theoretical value of the intensity that is normalized to unity in our calculation. The average accuracy of the measurements done by the inline Stokesmeter is improved from 94.14% of the conventional method to 98.85%, whereas the system error remains nearly unchanged (approximately 0.8%). The possible sources of this residual error include the imperfection of the HWP and the LP, the imprecision in orienting the optical components, and the inherent intensity noise in the detection process. 
